Abstract. We simulate space-based, sublimb viewing observations of airglow brightness fluctuations caused by atmospheric gravity wave interactions with the 02 atmospheric airglow, and we demonstrate that because of the geometry associated with such observations, the brightness fluctuations observed for the optically thick 0-0 band emission will always appear stronger for waves traveling toward the observer (the satellite). The effect should be most noticeable for waves having relatively small vertical wavelengths (-10 km) and horizontal wavelengths of 50 km or greater. For waves of short (-100 km) horizontal wavelength, the brightness fluctuation anisotropy with respect to viewing direction may also be evident in the optically thin 0-1 band emission. We demonstrate that the waves will be observable despite the fact that an instrument requires a certain finite integration time to achieve a desired signal-to-noise ratio. Therefore the 180 ø ambiguity in wave propagation direction associated with space-based observations may be eliminated for waves of small vertical wavelength that are dissipating in the upper mesosphere and lower thermosphere. It is these same waves that may be expected to be important to the energy and momentum budgets of the mesosphere/lower thermosphere region.
The objective of this study is to demonstrate that the ambiguity associated with the gravity wave propagation direction can be alleviated for waves that are likely to be important to the energy and momentum budgets of the MLT region. We do so using a gravity wave model and a chemistry/airglow fluctuation model to simulate satellite observations of airglow perturbations, as described in the next section. Specifically, we simulate sublimb forward viewing observations of gravity waves that exist in the airglow in some region ahead of the spacecraft and backward viewing observations of the same region of the airglow at some later time. Results are presented for four different categories of waves in section 3, and discussions and conclusions follow in sections 4 and 5, respectively.
Method
The models used here are a linear, steady state full-wave model describing the wave dynamics and a linear, steady state chemistry model describing airglow fluctuations subject to wave perturbations. These models have been previously used to simulate gravity wave-driven fluctuations of the O I 5577 nightglow [Hickey et al., 1997 [Hickey et al., , 1998 Schubert et al., 1999] and the 02 atmospheric 0-1 band nightglow . We additionally simulate the 0-0 band 02 atmospheric nightglow by incorporating the effects of selfabsorption (described below) and also using the radiation transition probability for the 0-1 band. The latter assumption . Simulation of the airglow brightness then proceeds by integration of this quantity along a specified tangent ray path. The coordinates in our Cartesian coordinate system (x,z) are transformed to a spherical coordinate system (r, 0) using r = R e + z and x-rO, where Re is the Earth's radius. The validity of this transformation for gravity wave propagation is supported by the work of Francis [1972] , who has shown that large-scale gravity waves are refracted around the spherical Earth by the effects of gravity gradients. The geometry for such observations is shown in Figure 1 .
The dynamical/airglow model is used to simulate spacebased observations of gravity wave-driven 02 atmospheric 0-0 and 0-1 band airglow fluctuations. The model output VER is interpolated using a smoothing cubic spline. The upper limit of integration along the line of sight corresponds to an altitude of 130 km and encompasses the relevant airglow region of the atmosphere. For each calculation a 400-point Gauss-Legendre quadrature scheme is used to integrate the emission rate along the constrained line of sight, which is sufficiently accurate to handle the wide range of wave parameters responsible for driving a given airglow response. The direction of viewing is determined relative to the direction of motion of the observer. [Hedin, 1991 ] . These data are also interpolated using a smoothing cubic spline. The amount of absorption is determined at each Gauss-Legendre abscissa, which represents a point along the line of sight. For a given abscissa, the amount of absorption is determined by the integral of the optical depth along the line of sight from this abscissa to the observer. The trapezoidal rule is used for this integration (with an accuracy of approximately four decimal places) and is only implemented between adjacent abscissae to avoid multiple calculations of the same quantities. During final quadrature to obtain the total integrated intensity, each absorption term is multiplied by the value of the VER (the integrand) at a given abscissa. The final quadrature yields the brightness (for both forward and backward viewing) of the 0-0 band 02 atmospheric emission. The mean VER of the 02 We also consider the fact that in order to perform a single measurement, an instrument requires a certain finite integration time to achieve a desired signal-to-noise ratio. The integration process will produce smearing, which will wash out the smaller-scale waves in space-based airglow observations. Typical nadir pointing instruments require integration times greater than about 20 s to obtain useable signal-to-noise ratios. However, the signal strength depends on the slant path, being largest for limb viewing and smallest for nadir viewing. We have calculated and compared the brightness obtained (in the absence of waves) for nadir viewing and for sublimb viewing with a tangent ray height of 40 km and found that the brightness for the latter is a factor of approximately 16 times greater than that of the former. This suggests that space-based instruments viewing the sublimb should be able to receive strong enough signals to allow the use of integration times as short as -2 s. As an example, Mende et al. [ 1994] performed topside measurements of the 02 atmospheric nightglow using an image intensified charge-coupled device (CCD) detector looking slightly below the limb. Typically, 1-s exposures were taken, allowing them to identify gravity waves having horizontal wavelengths of 50-100 km. More details are provided in the discussion. Additionally, instruments can be operated in so-called "staring modes," wherein the same region of the airglow is sampled during the course of the satellite motion. This tends to reduce smearing effects. Also, because airglow brightness differs between the different airglow emissions, the integration times required for measurements will vary from one emission to another. A good comparison of the different airglow emissions is given by Chamberlain [1995] .
Typically, integration times of a few seconds are required, which will smear waves having horizontal wavelengths of -50 km or less. This estimate is based on a 2.5-s integration time, the requirement of at least two such measurements to resolve the wave, and assuming a satellite speed of about 8 km s -•. To account for such averaging, integrated airglow intensity amplitudes were obtained using a 5-s integration time. The resulting averages were then interpolated with a smoothing spline from which new brightness amplitudes were determined. As will be noted in section 3, the effect of smearing is small for short-wavelength waves (-100 km) and is negligible for long-wavelength (_> 100 km) waves. We consider space-based observations using tangent ray heights (zx}m) of 40 and 85 km. For the optically thin emission the airglow emission from the far side of the tangent ray point will make a significant contribution to the total observed brightness. However, for zx}m =40 km, this "far" region will lie at a significant distance from the foreground region (-1600 km). Therefore, in the case of short (100 km) horizontal wavelength waves we consider, it would be unlikely that a given gravity wave would exist simultaneously at both locations. This is because gravity waves are primarily a local phenomenon and correlation distances are not usually as large as 16 wavelengths. (Ducted waves are a different matter, but these are not considered here.) Accordingly, we consider only the contribution of the foreground emission when calculating the brightness fluctuations for the optically thin emission and for the 100 km horizontal wavelength waves. We include the contributions from both regions (foreground and background) when we calculate the mean brightness and also when we calculate brightness fluctuations for the 1000 km horizontal wavelength waves. Also, as we increase zzR., the distance between disturbances in the foreground and background regions becomes smaller (see discussion below), and it is more likely that wave disturbances in these two regions would be correlated. Therefore, for the z•. =85 km results, we include the contributions from the foreground and background regions. Figure 3a is a schematic showing the slope (at angle ½) of gravity wave phase fronts (solid lines) in a spherical atmosphere with respect to the local vertical coordinate (shortdashed lines) and the tangent ray paths (dash-dotted lines). The satellite initially observes an airglow disturbance at time t while forward viewing, and at a later time t+& it observes the same airglow disturbance while backward viewing. The apparent wavelengths as seen along the line of sight at the two observing times are represented by the line segments AB and CD, respectively. In general, the apparent wavelengths for forward and backward viewing are not equal. This is a geometry effect, and it arises for wave propagation on a spherical Earth because the phase fronts for waves of short vertical wavelength (those with small phase speeds) have a significant tilt from the vertical. The apparent wavelength will always be greater when viewing waves propagating toward the observer (in our case, CD > AB ). For waves having large vertical wavelengths (for which ½ = 0 ), the importance of this geometry effect diminishes because the phase fronts for such waves kin, it would take --140 s for the satellite to traverse a distance of 1000 km, which is significantly greater than the 5-s sampling time.
Discussion
As previously stated, we calculated and compared the brightness obtained (in the absence of waves) for nadir viewing and for sublimb viewing with a tangent ray height of 40 km and found that the brightness for the latter is a factor of approximately 16 times greater than that of the former. The implication is that space-based instruments viewing the sublimb will receive stronger signals than will nadir viewing instruments, allowing the use of shorter integration times. We have performed simulations of the 02 atmospheric airglow emission, and we have considered integration times as long as (perhaps with some distortion). As far as our modeling is concerned, we have not yet tackled the more complex but realistic case of gravity wave propagation and effects in an atmosphere having strong mean state (or slowly varying) gradients in the horizontal direction. In spite of this, the anisotropy effects discussed in this paper would still exist and should still permit the determination of propagation direction for waves having short enough vertical wavelength.
In this study we have employed the band-averaged optical depth (r) given by Wallace and Hunten [1968] . Although our wave properties would not change significantly over this time interval.
We have not included height-dependent background winds in our analysis. Their effect will be to increase or decrease the local vertical wavelength over its windless value depending on the direction of wave propagation with respect to the winds, thus affecting the local tilt of the vertical phase fronts. Wind effects are more important for slower waves. In a windy background atmosphere it is the intrinsic direction of propagation (i.e., with respect to the moving atmosphere) that would results would be affected by the use of different values of •-be inferred by consideration of the anisotropy in airglow fiuc-(such as those specific to the lines of a particular band being observed), the similarity in results obtained for the optically thin and optically thick emissions suggests that the effect would not be significant. Figures 6a and 6b and Figures 6c  and 6d) . Thus, for short horizontal wavelengths, oscillations in the VER should be large when viewing at higher tangent ray heights and we should expect significant cancellation (see Figures 4 and 5b) . For larger horizontal wavelengths, there will be fewer oscillations along the tangent ray and the waves should be clearly observable (see Figure 5d) .
As discussed by
Nonlinear effects associated with the small scale-heights of the minor species involved in the airglow emission chemistry may be important for some gravity waves. We have performed calculations using a two-dimensional, time-dependent, nonlinear model describing the interactions of gravity waves with the 02 atmospheric airglow which confirm the results and conclusions presented here. This demonstrates that the results presented here are not a consequence of nonlinear effects, but instead are due to the geometry effects discussed earlier.
A consideration when viewing the same wave in the forward and backward viewing directions is the time delay between such observations. If it is too large, the characteristics of the wave may have changed enough to render the comparison meaningless. For a satellite height of 500 km, ZTRH=40 km, and an orbital period of 100 rain, the time delay for observing the same volume element of the atmosphere for forward and backward viewing is approximately -7 min. This is not large compared with typical gravity wave periods (-10 to 20 min or greater), so that it is reasonable to assume that the tuation brightness. These effects will be considered in a future study.
Finally Because we have assumed a cylindrical geometry in our calculations, these sensitivity test results will not be valid for smaller angles. However, the approach has allowed us to quantify (approximately) the range of angles 0 for which the anisotropy effects may be expected to remain important. We very conservatively estimate the anisotropy to be strong for angles 0 at least as small as 60 ø , which suggests the usefulness and general utility of the approach.
Conclusion
We have presented the results of simulations that show that the perturbation VER for atmospheric gravity waves having short vertical wavelengths is generally asymmetrical about the tangent ray point, producing an observational difference for satellites viewing gravity wave perturbations in airglow emissions in the forward and backward directions. These results imply that brightness fluctuations observed for the optically thick 0-0 band emission will always appear stronger for waves traveling toward the observer (the satellite). For some smaller-scale gravity waves, which are not expected to remain correlated over large horizontal distances, information useful for the interpretation of propagation direction could also be obtained using the optically thin 0-1 band emission. We have argued that for some waves, brightness fluctuation differences between forwhrd and backward viewing directions should be observable and could be used to remove the 180 ø ambiguity in propagation direction for the waves. This will be a valuable tool for studying gravity waves from space because it is a method that does not rely on the simultaneous observations of the waves using ground-based instruments. Although we have considered both the optically thick (0-0) and optically thin (0-1) bands of the O2 atmospheric emission, our results show that the 0-0 band is better for resolving the 180 ø ambiguity in gravity wave propagation direction. We have also demonstrated that the waves studied should be clearly observable given the fact that a finite integration time is required for space-based measurements.
Finally, our proposed method for determining wave propagation direction works the best for waves having fairly short vertical wavelengths. Serendipitously, these are the same waves expected to be damping in the MLT region and significantly forcing the mean state. The method does not work as well for fast waves having large vertical wavelengths, but these are the waves expected to pass through the MLT region with little damping and therefore to have little impact on the energy and momentum budgets of the MLT region.
